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Highly pathogenic avian influenza A virus subtype H5N1 (hereafter, "H5N1") have been circulating among wild birds and domestic poultry worldwide since 2003 [1, 2] . The total number of laboratory-confirmed cases of human H5N1 infection has climbed to >600 cases, with a mortality rate of 60%, posing a true threat to human health [3] . Although the high pathogenicity of these viruses is not completely understood, hypercytokinemia and systemic viral replication have been reported for patients infected with these viruses [4] [5] [6] [7] [8] [9] .
Alveolar macrophages are considered central players in both innate and adaptive immune responses to respiratory infection and can be infected with H5N1 viruses [10] . In in vitro studies, human monocyte-derived macrophages infected with H5N1 viruses produced higher levels of cytokines than those infected with seasonal viruses, suggesting cytokine production contributes to the high pathogenicity of H5N1 viruses in humans [1, [11] [12] [13] [14] [15] . However, we previously found that some H5N1 viruses induce a level of cytokine production similar to that induced by seasonal viruses in human monocyte-derived macrophages [16] , indicating that the ability to induce cytokines is virus-strain dependent.
Previous findings regarding the role of nonstructural protein 1 (NS1) in cytokine induction are controversial; in one study, NS1 was shown to affect cytokine production in human macrophages [13] , whereas another study was unable to confirm NS1's contribution to cytokine induction in these cells [17] . PB2-E627K, which is widely known as a mutation that enhances viral growth in mammalian cells and some mammals, is reported to enhance cytokine production [13, 18] . Thus, determining the potential molecular markers that enhance cytokine production could extend our knowledge of the basis for the high virulence of H5N1 viruses in humans.
We previously evaluated the ability of several H5N1 viruses to induce cytokines in human macrophages and found that A/ Vietnam/UT3028II/03 clone 2 (VN3028IIcl2) was a high cytokine inducer and A/Indonesia/UT3006/05 (IDN3006) a low cytokine inducer [16] . Here, we generated a series of reassortant viruses between these 2 viruses and attempted to identify the viral molecular determinants that confer high cytokine induction in human macrophages. Further, to reveal the molecular networks affected by the virus infection, we examined the entire gene transcriptional profiles in human macrophages by using microarray analysis. To clarify whether differential expression of cytokines mediated by H5N1 viruses contributes to pathogenicity in mammals, we compared the virulence in mice infected with the high cytokine inducer to that in mice infected with the low cytokine inducer.
MATERIALS AND METHODS

Ethics Statement
Our research protocol for the use of human-derived macrophages was approved by the Research Ethics Review Committee of the Institute of Medical Science, the University of Tokyo (approval numbers 18-15-0129 and 19-24-200430) . Our research protocol for the use of mice followed the University of Tokyo's Regulations for Animal Care and Use, which was approved by the Animal Experiment Committee of the Institute of Medical Science, the University of Tokyo (approved numbers 19-29).
Cells
A549 and HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum. Madin-Darby canine kidney (MDCK) cells were maintained in minimal essential medium supplemented with 5% newborn calf serum. Human monocyte-derived macrophages were prepared as described previously [16] . Briefly, peripheral blood mononuclear cells were independently separated from the buffy coat of healthy donors. Monocytes were purified by adherence and were allowed to differentiate for 14 days in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 5 ng/mL of recombinant human granulocytemacrophage colony-stimulating factor and 10% human serum derived from the corresponding blood donors. All cells were cultured at 37°C in 5% CO 2 .
Viruses
In this study, we used 2 H5N1 viruses with different cytokine induction abilities: A/Vietnam/UT3028II/03 clone 2 (VN3028IIcl2, clade 1) and A/Indonesia/UT3006/05 (IDN3006, clade 2.1.3). Viruses were isolated in MDCK cells, and virus stocks were prepared from the supernatants of MDCK cells.
Plasmid Constructs and Reverse Genetics
Reverse genetics systems for the VN3028IIcl2 and IDN3006 viruses were established as previously described [19] . Briefly, the complementary DNA of genes from these viruses were cloned into the pHH21 vector. The 8 plasmids for the synthesis of viral RNA and 4 expression plasmids for IDN3006 or VN3028IIcl2 virus-derived basic polymerase 2 (PB2), basic polymerase 1 (PB1), acidic polymerase (PA), and nucleoprotein (NP) proteins were transfected into HEK293T cells. Two days later, the supernatant of the transfected cells was harvested and used to infect MDCK cells for the preparation of virus stocks. All virus stocks were sequenced to ensure the absence of unwanted mutations and were titrated by using the plaque assay with MDCK cells prior to use.
Virus Infection of Human Macrophages
Differentiated macrophages were seeded on 24-well plates (BD Falcon), with 1 × 10 5 cells per well. Cells were infected with viruses at a multiplicity of infection of 2. The virus inoculum was removed, and the cells were washed 3 times and then incubated in serum-free RPMI 1640 medium supplemented with 0.3% bovine serum albumin. At 6, 12, and 24 hours after infection, the supernatant was collected for virus titration and cytokine measurement; the cells were collected for use in viral gene and protein expression assays. [MIG]) in supernatants from human macrophages infected with H5N1 viruses were determined by using the Bio-Plex human x-plex (Bio-Rad Laboratories) and by using the BioPlex protein array system (Bio-Rad Laboratories) according to the manufacturer's instructions.
RNA Isolation and Integrity
Infected cells were lysed with TRIzol Reagent (Invitrogen), and chloroform-isoamyl alcohol (5:1) was added. The cells were then vortexed and centrifuged for 15 min at 12 000 × g at 4°C. The resulting aqueous layer was subjected to RNA extraction by using RNeasy Mini kit columns (Qiagen) according to the manufacturer's instructions. Isolated total RNA integrity was assessed by determining UV 260/280 absorbance ratios and by examining 28S/18S ribosomal RNA bands with an Agilent 2100 bioanalyzer (Agilent Technologies) according to the manufacturer's instructions. Only samples with highquality RNA (ie, those with RNA integrity numbers >9.0) were used for microarray analysis.
Microarray Analysis and Bioinformatics
Cy3-labeled complementary RNA probe synthesis was initiated with 50 ng of total RNA by using the Agilent Low Input Quick Amp Labeling kit, one color (Agilent Technologies). The Agilent SurePrint G3 Human GE 8 × 60 K microarrays (G4851) were used according to the manufacturer's instructions. Slides were scanned with an Agilent's High-Resolution Microarray Scanner, and image data were processed by using Agilent Feature Extraction software, version 10.7.3.1. All data were subsequently uploaded into GeneSpring GX, version 11.5, for data analysis. In accordance with proposed MIAME (minimum information about a microarray experiment) standards, microarray data gained in this study are publically available at the Gene Expression Omnibus (GEO) database (http:www.ncbi.nlm.nih.gov/geo/) under the accession number GSE40711. For the microarray data analysis, each gene expression array data set was normalized to the in silico pool for mock-infected cells (n = 3). Statistically significant differences in gene expression between IDN3006 and VN3028IIcl2 and between IDN3006 and IDN3006/cl2PA were determined by using 1-way analysis of variance (ANOVA) (P < .05) with the Tukey honestly significant difference (HSD) post hoc test and the Benjamini-Hochberg false discovery rate correction. Differentially expressed genes were further filtered to include genes whose expression changed at least 2.0-fold relative to the level in the IDN3006-infected group. Only the genes whose expression showed at least 2.0-fold changes and statistical significance (P < .05) in 2 pairs of comparisons involving IDN3006 versus VN3028IIcl2 and IDN3006 versus IDN3006/cl2PA were assigned to a Gene Ontology group or were uploaded into Ingenuity Pathway Analysis (IPA; Ingenuity Systems) to identify the functions and pathways that were enriched in the gene set. To identify the gene network that enriched the differentially expressed genes, genes were connected in a de novo network based on known interactions in IPA. Genes that were not directly or indirectly connectable to each other were not analyzed further. For all analysis, P values were calculated by using the Fisher exact test to identify biological functions and pathways that were significant (P < .05).
Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis
Quantitative real-time PCR was performed to determine the expression levels of viral PA, hemagglutinin (HA), NP, matrix (M), and NS genes. RNA was reverse-transcribed with oligonucleotide dT and SuperScript III reverse transcriptase (Invitrogen). Quantitative real-time PCR was conducted with the SYBR Green PCR master mix (Invitrogen) and performed on the ABI7900HT Fast Real-Time PCR System platform. Target gene messenger RNA (mRNA) levels were normalized to 18S human ribosomal RNA according to the 2 −ΔΔCt calculation [20] . Primer sequences are available on request.
Western Blotting
Infected cells were lysed with 2 × sample buffer (Invitrogen), and samples were loaded onto precast gels for 4%-20% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad Laboratories). Proteins were transferred electrophoretically to polyvinylidene fluoride membrane (Millipore) in transfer buffer (100 mM Tris, 190 mM glycine, and 10% methanol). The membranes were blocked for 1 hour at room temperature with Blocking One (Nacalai Tesque) and were then incubated with primary antibodies for 1 hour at room temperature. Anti-PA and anti-NS1 mouse monoclonal antibodies (1:10 000) and anti-H5N1 rabbit polyclonal antibodies (1:10 000) for detection of HA, NP, and M1 were used. After being washed 3 times with phosphate-buffered saline containing 0.05% Tween-20 (PBS-T), the membranes were incubated with anti-mouse (1:10 000) or anti-rabbit (1:10 000) secondary antibodies conjugated with horse radish peroxidase (GE Healthcare) for 1 hour at room temperature. After 3 more washes with PBS-T, specific proteins were detected by using the ECL Prime Western Blotting Detection System (GE Healthcare). Photography was conducted with the VersaDoc Imaging System (Bio-Rad laboratories).
Minigenome Assay
Human macrophages or A549 cells were transfected with the expression plasmids for PB2, PB1, PA, and NP (0.25 μg each), pPoll-NP(0)luc2(0) [21] , and ptkRluc (0.025 μg each) by using the jetPEI-Macrophage DNA transfection reagent (Polyplus transfection) or the Lipofectamine LTX and Plus Reagent (Invitrogen), respectively. The cells were then harvested 48 or 24 hours after transfection, respectively. Luciferase activity was assessed by using a dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions. Photinus luciferase activity was standardized against Renilla luciferase activity.
Animal Experiments
Female BALB/c mice aged 5-6 weeks ( Japan SLC) were used in the study. To investigate viral pathogenicity in mice, 4 mice per group were anaesthetized with isoflurane and intranasally infected with 50 μL of serial dilutions of viruses, creating doses ranging from 10 0 to 10 3 plaque-forming units (PFU).
Mice were monitored daily for morbidity and mortality for up to 14 days after infection. The percentage changes in body weights were calculated by comparing the weight of each mouse at each time point to its weight on day 0. The 50% mouse lethal dose for each virus was calculated by using the Reed-Muench method [22] . To determine virus growth in mouse organs, 9 mice per group were intranasally infected with 10 2 PFU of IDN3006 or IDN3006/cl2PA. Three mice per group were euthanized on days 2, 4, and 7 after infection, and lungs, nasal turbinates, livers, spleens, kidneys, intestines, and brains were collected. Virus in organs was titrated by using plaque assays in MDCK cells.
Statistical Analysis
Statistically significant differences in cytokine expression, virus growth, luciferase activity, and viral mRNA expression were determined by using 1-or 2-way ANOVA with the post hoc Tukey HSD test. In using 2-way ANOVA, we first confirmed that there were no interaction effects between 2 factors, and then we determined whether there were statistically significant differences in virus growth or viral mRNA levels among the viruses during infection. Statistically significant differences in mouse survival were determined by using the log-rank test. For all statistical tests, values were considered to be significantly different when the P value was <.05.
Accession Numbers
The viral nucleotide sequences described in this study are available from GenBank under the following accession numbers: HM114456 for the PA gene of VN3028IIcl2 and JX235398 for IDN3006.
RESULTS
Contribution of the PA Gene to Cytokine Induction in Human Macrophages
To determine the molecular basis for the induction of cytokines in human macrophages, we used 2 H5N1 viruses that differed in their ability to induce cytokines in human macrophages. We first generated wild-type VN3028IIcl2 (high cytokine inducer) and IDN3006 (low cytokine inducer) by using reverse genetics and confirmed the difference in their abilities to induce cytokines by infecting human monocyte-derived macrophages with them and measuring the expression levels of 7 cytokines (IL-6, IP-10, MIP-1α, MIP-1β, RANTES, TNF-α, and MIG; Figure 1 ). VN3028IIcl2 induced significantly higher expression levels of all of the cytokines tested than did IDN3006 in human macrophages. To identify the gene segments responsible for the difference in cytokine induction between these 2 viruses, we generated 2 reassortant viruses: VN3028IIcl2(3P + NP), which possesses the polymerase complex genes (PB2, PB1, and PA) and the NP gene from VN3028IIcl2 and its remaining genes from IDN3006, and VN3028IIcl2(HA + NA + M + NS), which possesses the HA, neuraminidase (NA), M, and NS genes from VN3028IIcl2 and its remaining genes from IDN3006. VN3028IIcl2(3P + NP) induced statistically significantly higher expression levels of all of cytokines tested than did IDN3006, whereas VN3028IIcl2 (HA + NA + M + NS) did not ( Figure 1A ). These results indicate that the PB2, PB1, PA, and NP genes contribute to the high cytokine induction property of the VN3028IIcl2 virus in human macrophages. To identify the gene segments responsible for the high cytokine induction among those that encode the proteins in the ribonucleoprotein complex (ie. PB2, PB1, PA, and NP), we generated a series of reassortants possessing a single gene segment derived from VN3028IIcl2 in the IDN3006 backbone (eg, IDN3006/cl2PB2 indicates a virus that possesses the PB2 gene from VN3028IIcl2 and its remaining 7 genes from IDN3006) and evaluated the cytokine expression levels ( Figure 1B) . The reassortants that possessed the single PB2, PB1, or NP gene from VN3028IIcl2 did not induce cytokine levels similar to those produced by the parental VN3028IIcl2. However, the cytokine expression induced by IDN3006/cl2PA was as high as that induced by VN3028IIcl2; the expression levels of RANTES and TNF-α induced by IDN3006/cl2PA were even statistically significantly higher than those induced by VN3028IIcl2. Thus, the PA gene of VN3028IIcl2 was responsible for the high cytokine induction in human macrophages.
Evaluation of the Effect of Viral Replicative Properties on Cytokine Induction
The PA subunit plays a role in virus replication in infected cells [23, 24] . To evaluate whether the high cytokine induction phenotype of VN3028IIcl2 is linked to high viral replication in infected cells, as observed with viruses possessing the PB2-E627K mutation [13] , we compared the replication in human macrophages of IDN3006, VN3028IIcl2, and IDN3006/cl2PA (Figure 2) by determining virus titers, polymerase activity, viral protein (PA, HA, NP, M1, and NS1) expression, and viral mRNA gene (PA, HA, NP, M, and NS) expression. Among the 3 viruses tested, there were no statistically significant differences in the virus titers in the supernatants of infected cells, although IDN3006/cl2PA replicated slightly better than IDN3006 or VN3028IIcl2 at 6 hours after infection (Figure 2A ). Although VN3028IIcl2 showed statistically significantly higher polymerase activity as compared to IDN3006 (Figure 2B ), IDN3006/cl2PA exhibited polymerase activity similar to that of IDN3006, suggesting that the PA gene of VN3028IIcl2 did not substantially affect the polymerase activity. While only PA gene expression was statistically significantly higher in the IDN3006-infected cells as compared to cells infected with VN3028IIcl2 or IDN3006/cl2PA, there were no substantial differences in the expression levels of other viral proteins or genes tested among the 3 viruses (Figures 2C and 2D) . Thus, we found no appreciable differences in the viral replicative properties of these 3 viruses even though they differed in their cytokine-inducing abilities in human macrophages. These results indicate that the high cytokine induction by VN3028IIcl2 was not related to efficient virus growth in human macrophages.
The Role of the PA Gene of VN3028IIcl2 in the Differential Regulation of Host Genes Involved in Hypercytokinemia
To gain further insights into how the PA gene of VN3028IIcl2 affects cytokine production in human macrophages, we examined all of the gene expression levels in the cells infected with IDN3006, VN3028IIcl2, and IDN3006/cl2PA. The gene expression of IP-10, MIP-1β, RANTES, TNF-α, and MIG confirmed the differential upregulation at the transcriptional level in cells infected with VN3028IIcl2 or IDN3006/cl2PA, compared with those infected with IDN3006 that was observed at the protein level, although the differential upregulation of IL-6 and MIP-1α was confirmed only in cells infected with IDN3006/cl2PA, compared with IDN3006 (Figures 1 and 3A) . Microarray analyses further identified 129 genes that were statistically significantly differentially expressed in the human macrophages infected with VN3028IIcl2 and IDN3006/cl2PA as compared to IDN3006 (Supplementary Table 1 ). Gene Ontology analysis revealed that these genes were enriched with cytokine-related genes ( Figure 3B ). IPA network analyses identified a gene network composed of 48 genes that were significantly differentially expressed in the macrophages infected with VN3028IIcl2 and IDN3006/cl2PA as compared to IDN3006 ( Figure 3C ). Of note, this network was enriched with genes related to hypercytokinemia, represented by IFNA4, IFNA8, IFNA14, IFNB1, IL12A, IL29, and CXCL10. These results indicate that the PA amino acid differences are responsible for the differential expression of the various cytokines related to hypercytokinemia at the gene transcriptional level in human macrophages. 
Contribution of Cytokine Induction to Pathogenicity in Mice
To examine whether the VN3028IIcl2 PA gene that conferred high cytokine induction is associated with pathogenicity in mammals, we compared the pathogenicity in mice of IDN3006 with that of IDN3006/cl2PA. Four mice per group were infected with 10 0 -10 3 PFU of each virus, and mortality and morbidity were observed for 14 days after infection ( Figure 4 ). Mice infected with 10 2 PFU of IDN3006/cl2PA exhibited 100% mortality, whereas 75% of mice infected with IDN3006 survived. However, there were no statistically Figure 3 . Genes differentially expressed between low and high cytokine inducer H5N1 viruses in human macrophages. Human monocyte-derived macrophages were infected with IDN3006, VN3028IIcl2, or IDN3006/cl2PA at a multiplicity of infection of 2. At 6 hours after infection, the cells were harvested and subjected to microarray analysis. A, Gene expression levels determined by microarray are shown for the 7 cytokines tested in Figure 1 . Yellow indicates P < .05, compared with the IDN3006-infected group (1-way analysis of variance [ANOVA] with the Tukey honestly significant difference (HSD) post hoc test). All values were normalized to the values of the mock group. B, A total of 129 genes were selected by 1-way ANOVA with the Tukey HSD post hoc test (P < .05) and by filtering the genes whose expression changed at least 2.0-fold relative to the level in the IDN3006-infected group. The set of genes differentially regulated in both pairs of VN3028IIcl2 and IDN3006/cl2PA as compared to IDN3006 was functionally annotated by means of Gene Ontology (GO) grouping. Statistical significance was determined by using the Fisher exact test (P < .05). C, The differentially expressed genes were connected in a de novo network based on known interactions in the Ingenuity Pathway Analysis (IPA) knowledgebase and functionally annotated by use of IPA canonical pathways. Red indicates genes whose expression showed a change of >4.0-fold for both VN3028IIcl2 and IDN3006/ cl2PA, relative to IDN3006. Yellow indicates genes whose expression showed a change of >4.0-fold for IDN3006/cl2PA, relative to IDN3006. The genes enriched with the top canonical pathway of "Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza" are boxed.
significant differences in mouse survival at any infectious dose tested. The 50% mouse lethal doses of IDN3006 and IDN3006/cl2PA were 2.1 × 10 2 and 5.9 PFU, respectively.
Thus, there was a trend toward increased virulence in mice for IDN3006/cl2PA, compared with IDN3006, indicating that the VN3028IIcl2 PA contributed to virus pathogenicity in mice. These results suggest that the high cytokine induction phenotype contributes to high pathogenicity in mammals.
DISCUSSION
Here, we demonstrated that the PA gene of an H5N1 virus confers high levels of cytokine expression in human monocyte-derived macrophages. We also showed that PA enhances pathogenicity in mammals without altered virus growth properties in human macrophages. There are 8 amino acid differences in the PA protein between IDN3006 (low cytokine inducer) and VN3028IIcl2 (high cytokine inducer) (Table 1 ). Yet, we did not find any PA amino acid residues common to either the high or low cytokine inducers examined in our previous study (Table 1) [16] . Although we attempted to identify the amino acid substitutions responsible for the high cytokine production in macrophages, a single amino acid mutation did not substantially change the cytokine induction level (data not shown), suggesting a synergistic effect among the PA amino acids on cytokine induction. The influenza polymerase complex has a role in inhibiting type I interferon in infected cells [25] . Since the PA amino acid differences tested here did not affect the Figure 4 . Contribution of the acidic polymerase of VN3028IIcl2 to pathogenicity in mice. Four mice per group were intranasally infected with serially diluted viruses ranging from 10 0 to 10 3 plaque-forming units (PFU) of IDN3006 or IDN3006/cl2PA, and survival (A) and body weight changes (B) were monitored daily for 14 days after infection. The values are means ± SD (n = 4) for the mice that were alive at each time point. P values were determined by using the log-rank test for each pair. 
653 S P S/P P PB1 binding [26] Abbreviations: cRNA, complementary RNA; PB1, basic polymerase 1. a Cytokine induction phenotype was determined in our previous study [16] . Low cytokine inducers include IDN3006 and A/Vietnam/UT31203A/07; high cytokine inducers include VN3028IIcl2 and A/Hong Kong/483/97. b Functions previously reported to be associated with these amino acid positions.
polymerase activity in human macrophages, the host responses in the infected cells may have been affected by the altered anti-interferon activity of the polymerase complex, possibly mediated by PA or by some as yet unknown function of PA. Virus growth assay revealed that PA was not responsible for the differences between the high and low cytokine inducers with respect to viral transcription, translation, and replication in human macrophages. Interestingly, IDN3006 showed statistically significantly higher growth than IDN3006/cl2PA in human pulmonary epithelial cells (Supplementary Figure 1) . Viruses with efficient viral replication in epithelial cells are generally highly pathogenic to mice, represented by viruses with the PB2-E627K mutation, which enhances viral replication in human pulmonary epithelial cells [18] . When we investigated the virus titers in mouse organs, there were no substantial differences between IDN3006 and IDN3006/cl2PA in terms of virus growth in any mouse organ tested (Supplementary Figure 2 ). Our results, including virus growth, cytokine production, and gene expression in human macrophages, indicate that the ability to induce high levels of cytokines in macrophages, rather than viral replication efficiency in respiratory epithelial cells, may be responsible for enhanced pathogenicity in mice.
In patients infected with H5N1 viruses, high levels of cytokines, represented by MCP-1, MIG, IL-8, IL-10, IL-6, IFN-γ, and RANTES, are generally observed in their sera [6, 9] . Since the PA of a high cytokine inducer was responsible for high levels of these cytokines in macrophages, PA may be a factor in the increased mortality mediated by hypercytokinemia in humans infected with H5N1 viruses. However, both viruses used in this study were isolated from patients who had lethal outcomes, suggesting the involvement of other unknown virulence determinants in the high pathogenicity of H5N1 viruses in humans. Nevertheless, our results have clinical implications for cytokine-mediated pathogenesis in humans infected with H5N1 viruses.
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